Extrapolating glacier mass balance to the mountain-range scale: the European Alps 1900–2100 by M. Huss
The Cryosphere, 6, 713–727, 2012
www.the-cryosphere.net/6/713/2012/
doi:10.5194/tc-6-713-2012
© Author(s) 2012. CC Attribution 3.0 License.
The Cryosphere
Extrapolating glacier mass balance to the mountain-range scale:
the European Alps 1900–2100
M. Huss1,*
1Department of Geosciences, University of Fribourg, 1700 Fribourg, Switzerland
*Invited contribution by M. Huss, recipient of the EGU Young Scientist Outstanding Poster Paper (YSOPP) Award 2010.
Correspondence to: M. Huss (matthias.huss@unifr.ch)
Received: 7 February 2012 – Published in The Cryosphere Discuss.: 15 March 2012
Revised: 4 June 2012 – Accepted: 12 June 2012 – Published: 6 July 2012
Abstract. This study addresses the extrapolation of in-situ
glacier mass balance measurements to the mountain-range
scale and aims at deriving time series of area-averaged mass
balance and ice volume change for all glaciers in the Euro-
pean Alps for the period 1900–2100. Long-term mass bal-
ance series for 50 Swiss glaciers based on a combination
of ﬁeld data and modelling, and WGMS data for glaciers
in Austria, France and Italy are used. A complete glacier
inventory is available for the year 2003. Mass balance ex-
trapolation is performed based on (1) arithmetic averaging,
(2) glacier hypsometry, and (3) multiple regression. Given
a sufﬁcient number of data series, multiple regression with
variables describing glacier geometry performs best in re-
producing observed spatial mass balance variability. Future
mass changes are calculated by driving a combined model
for mass balance and glacier geometry with GCM ensem-
bles based on four emission scenarios. Mean glacier mass
balance in the European Alps is −0.31±0.04mw.e.a−1 in
1900–2011, and −1mw.e.a−1 over the last decade. Total ice
volume change since 1900 is −96±13km3; annual values
vary between −5.9km3 (1947) and +3.9km3 (1977). Mean
mass balances are expected to be around −1.3mw.e.a−1 by
2050. Model results indicate a glacier area reduction of 4–
18% relative to 2003 for the end of the 21st century.
1 Introduction
An accelerated mass loss of mountain glaciers and small ice
caps all over the world is reported in response to current at-
mospheric warming (WGMS, 2008; Cogley, 2009; Gardner
et al., 2011). Negative glacier mass balances are an impor-
tant component of sea level rise (Kaser et al., 2006; Radi´ c
and Hock, 2011), and signiﬁcantly affect the hydrology of
streams fed by glacial-melt water (e.g. Immerzeel et al.,
2010). Knowledge about past and future changes in glacier
mass balance at the mountain-range scale is crucial for as-
sessing global impacts of glacier wastage.
Mass balance measurements are only available for very
few of the more than 100000 mountain glaciers worldwide.
Extrapolation of single-glacier mass balance series to sev-
eral thousand glaciers within a mountain range is not trivial
and involves considerable uncertainties (e.g. Arendt et al.,
2006). Differences in mass balance between neighbouring
glaciers are more importantly controlled by glacier geometry
than by regional climate variability; mass balance response
to similar changes in forcing can differ by up to a factor of
four (Kuhn et al., 1985; Abermann et al., 2011b; Huss et al.,
2012). Therefore, the surveyed mass balance glaciers might
not be representative of larger areas. This fact needs to be ac-
counted for in assessments of regional glacier mass change.
Temporal mass balance variations of individual series
tend to be well correlated at the scale of a mountain range
(Letr´ eguilly and Reynaud, 1990; Vincent et al., 2004) which
is a prerequisite for the regionalization of mass balance.
Many large-scale estimates of glacier mass loss are based on
arithmetic averaging of the few available mass balance series
(e.g.Kaseretal.,2006).ThemethodologysuggestedbyCog-
ley (2005) applies a spatial interpolation algorithm that ﬁts
two-dimensional polynomials to the single-glacier observa-
tions. Arendt et al. (2006) compare four different approaches
for the regionalization of glacier mass change in the Chugach
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Mountains, Alaska. They ﬁnd that extrapolation of observed
5-decade centerline surface elevation changes to the hypsom-
etry of unmeasured glaciers yields results comparable to the
averaging of glacier-wide balances, whereas mass change es-
timates based on volume-area scaling need to be considered
with care.
Several studies have addressed glacier mass balance at the
scale of the European Alps. Haeberli and Hoelzle (1995)
ﬁnd a mean mass balance of glaciers in the European Alps
between 1850 and the mid-1970s of −0.2 to −0.3m water
equivalent (w.e.) a−1 based on glacier inventory data. Zemp
et al. (2006) present glacier area and volume change esti-
mates in 1850–2100 using modelled equilibrium line alti-
tudes (ELAs). Based on a regression model and homoge-
nized climate data Sch¨ oner and B¨ ohm (2007) derive mass
balance time series since the Little Ice Age for glaciers in
the European Alps. A promising alternative to the extrap-
olation of single-glacier mass balance measurements is nu-
merical modelling of large samples of glaciers. Machguth
et al. (2009) compute mass balances of all Swiss glaciers be-
tween 1979–2003 based on regional climate model output.
Results compare well with the observed mass change of se-
lected glaciers but the large difference in calculated 2-decade
mean mass balance (between −2.9 and +0.7mw.e.a−1) indi-
cates that modelling is not yet able to realistically capture all
glaciers within a mountain range. This is mainly attributed
to uncertainty in accumulation which is difﬁcult to model
purely based on meteorological data. Recently, the direct ob-
servation of regional glacier volume change over decadal pe-
riods by comparison of digital elevation models (DEMs) for
several hundred glaciers became possible (Paul and Haeberli,
2008; Abermann et al., 2011a). However, the DEM uncer-
tainty remains a critical point, and sufﬁciently accurate ter-
rain elevation data are not yet available at the scale of whole
mountain ranges.
In this study mass balance and ice volume change series
covering all glaciers in the European Alps are derived for
the period 1900–2011 based on a comprehensive set of long-
term mass balance data and glacier inventories (Huss et al.,
2010a; WGMS, 2008; Paul et al., 2011). Furthermore, future
mass balances are modelled for 2011–2100 using Global Cir-
culation Model (GCM) ensembles based on four CO2 emis-
sion scenarios used by the Intergovernmental Panel on Cli-
mate Change (IPCC). This paper also investigates and inter-
compares methodologies for the extrapolation of mass bal-
ance series to the mountain-range scale. Regionalization of
mass balance is performed using (1) arithmetic averaging,
(2) glacier hypsometry, and (3) multiple regression with vari-
ables describing glacier geometry (e.g. area, slope). Uncer-
tainties in mass balance estimates for the entire European
Alps are analyzed and the required ﬁeld data basis for de-
riving mass balance series at the mountain-range scale is dis-
cussed.
2 Data
2.1 Mass balance data
Two types of glacier mass balance information are used:
(1) long-term mass balance time series for the period 1900–
2011 for 50 glaciers in the Swiss Alps (Huss et al., 2010a,b),
and (2) mass balance series provided by the World Glacier
Monitoring Service (WGMS, 2008, 2011) for 25 glaciers in
Austria, France and Italy covering intervals of 3 to 61yr.
Given the aim of deriving mountain-range scale mass bal-
ance series since 1900, information source (1) lends itself
as the primary basis for mass balance extrapolation. Shorter
WGMS series (2) that are scattered all across the European
Alps are used for independent validation of extrapolated bal-
ances, and provide additional information on regional mass
balance variability.
Mass balance series for 50 glaciers in all regions of the
Swiss Alps (Fig. 1) are based on a combination of various
types of ﬁeld measurements and detailed modelling of indi-
vidual glaciers (Huss et al., 2010a,b). Ice volume changes
for sub-decadal to semi-centennial time periods are available
from a set of 3 to 10 high-accuracy DEMs per glacier, cover-
ing the entire 20th century (Bauder et al., 2007). The DEMs
were established by digitizing topographical maps and after
1960 by photogrammetrical analysis of aerial photographs.
A distributed mass balance model (Hock, 1999; Huss et al.,
2008a) is tuned speciﬁcally for each glacier to reproduce ob-
served ice volume changes and to optimally match more than
10000 in-situ point measurements of winter accumulation
andannualmassbalance(Hussetal.,2010a).Thetopograph-
ical information given by repeated DEMs allows the annual
updating of surface elevation and glacier size by interpola-
tion. Thus, conventional mass balance, that is referred to the
actual glacier geometry, is evaluated (Huss et al., 2012). The
50 long-term series cover glacier sizes from 0.08 to 80km2,
different exposures and glacier geometries, as well as vari-
ous regional climate conditions and can thus be considered
as a statistically representative sample of Alpine glacier cov-
erage. In total, the area of the glaciers in the data set corre-
sponds to 19% of the glacierized area of the European Alps.
Additional mass balance data for glaciers in Austria,
France and Italy provided by WGMS (2008) are based on
the direct glaciological method. Series longer than 25yr are
available for 9 glaciers; shorter series (at least 3yr) were used
for another 16 glaciers (Fig. 1). Surveyed glaciers outside of
Switzerland increase the total area coverage in the European
Alps by another 4%.
Annual mass balance series are complemented with pub-
lished regional balances obtained from DEMcomparison. By
differencing the Shuttle Radar Topography Mission (SRTM)
DEM from an older terrain model, Paul and Haeberli
(2008) determined a cumulative mass balance of −11mw.e.
over the period 1985–2000 for about 1050 Swiss glaciers.
Abermann et al. (2009) calculated glacier surface elevation
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Fig. 1. Overview map of glacier coverage and glacier mass balance data in the European Alps. All inventoried glaciers according to Paul
et al. (2011) are shown; the colour-coding indicates glacier size. Swiss glaciers with long-term mass balance series (Huss et al., 2010a,b) and
additional mass balance glaciers (WGMS, 2008) are marked.
changes based on two highly accurate light detection and
ranging (LiDAR) DEMs for the Oetztal Alps, Austria, as
−8.2m (1997–2006). The same method was used by Aber-
mann et al. (2011a) to compute cumulative glacier mass
balance for the entire Austrian Alps for the period 1969–
1998 (−9.4m w.e.). By comparison of photogrammetric and
satellite-based DEMs, Berthier (2005) determined a mean
thickness change of −12.1m in 1979–2003 for glaciers in
the Mont Blanc area, France.
2.2 Glacier inventory
A complete and up-to-date glacier inventory is a prereq-
uisite for glacier mass balance and volume change assess-
ments at the mountain-range scale. This study relies on a
recent inventory of all glacierized surfaces in the European
Alps derived by Paul et al. (2011) based on Landsat The-
matic Mapper (TM) scenes from August/September 2003
(Fig. 1). Using threshold ratios between wavelength bands
of TM ice surfaces are mapped automatically (see e.g. Paul
et al., 2004). This is complemented by manual digitizing of
debris-covered glacier tongues and the separation of indi-
vidual glaciers based on water divides. The conﬁdence in
the 2003 glacier inventory is relatively high as the images
are cloud-free, and due to the extraordinarily hot summer all
ice and ﬁrn surfaces are clearly exposed (Paul et al., 2011).
According to this inventory, the total surface of all glaciers
and ice patches in the European Alps was 2056km2 in 2003
(Paul et al., 2011). This area is distributed across Switzerland
(50%), Italy (19%), Austria (18%), France (13%) and Ger-
many (< 1%).
Vector outlines are available for all inventoried glaciers.
By using them as a mask for terrain elevation data provided
by the SRTM DEM from 2000 (version 4, Jarvis et al., 2008)
topographical parameters (slope, aspect, area-elevation dis-
tribution, median elevation) for all individual glaciers were
extracted. In addition, the Swiss glacier inventories for 1850
(Maisch et al., 2000) and 1973 (M¨ uller et al., 1976) and the
Austrian glacier inventories for 1969 and 1998 (Lambrecht
and Kuhn, 2007) are used for inferring glacier area changes
over the last century.
2.3 Future climate
Projections of glacier mass balance in the European Alps
for the period 2011–2100 are based on the Coupled Model
Intercomparison Project (CMIP5) coordinated by the World
Climate Research Programme (see Taylor et al., 2011). Four
representative concentration pathways (RCPs) are deﬁned
for the 21st century (Meinshausen et al., 2011). A high emis-
sion scenario (RCP8.5) and a medium mitigation scenario
(RCP4.5) are considered. Additionally, a peak-decline sce-
nario (RCP2.6) with a rapid stabilization of CO2 concentra-
tions, and an intermediate scenario (RCP6.0) were used. For
each RCP changes in climate are provided by a set of 7–
11 GCMs. For the same GCMs also hindcasts for the 20th
century are available.
Air temperature and precipitation as averages within the
perimeter of the European Alps (6–14◦ E, 45–48◦ N) were
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Fig. 2. Projected changes in (a) annual mean air temperature, and
(b) annual precipitation sums relative to the period 1961–1990 for
35 GCMs (thin lines). Bold lines and colours indicate the average
of GCM ensembles forced with the same RCP. All series are 20-yr
low-pass ﬁltered.
extracted for each GCM over 1961–2100. No additional vari-
ables, such as the radiation budget or cloudiness were con-
sidered. Changes in monthly temperature and precipitation
relative to the period 1961–1990 were evaluated and super-
imposed on detrended daily meteorological station data of
randomly chosen years (see also Huss et al., 2008b). Thus,
35 meteorological time series at daily resolution were estab-
lished for 2011–2100. The combination of RCPs and indi-
vidual GCMs yielded a total of 35 such series. Relative to
1961–1990 annual average air temperature (ensemble mean
of GCMs driven by the same RCP) is expected to increase
by 2–5 ◦C by 2100, and annual precipitation totals remain al-
most constant (Fig. 2). The models indicate a general trend to
drier conditions and warming greater than the annual average
in summer.
3 Methods
3.1 Extrapolating mass balance series
Single-glacier mass balance series are extrapolated to all
glacierized surfaces in the European Alps based on three
different methods with varying data input requirements and
complexities: (1) simple arithmetic averaging of measured
mass balance, (2) evaluation of the glacier area-elevation dis-
tribution and attribution of observed mass balance in eleva-
tion bands to unmeasured glaciers, and (3) multiple regres-
sion of mass balance with variables describing glacier geom-
etry (area, slope, median elevation etc.). Multiple regression
is performed using three variables (henceforth termed M3),
and six variables (M6). These methods are described in de-
tail in this section and results are intercompared. The ﬁtting
of the relations used for mass balance extrapolation is based
on 38 of the 50 long-term Swiss series (Fig. 3a). 12 rather
small glaciers in the southeastern Swiss Alps (Huss et al.,
2010b) were excluded here due to slightly lower mass bal-
ance data quality (last DEM earlier than 2000) and a regional
overrepresentation of these glaciers (Fig. 1).
Extrapolation to the European Alps is carried out for 100-
yr mean mass balances (B100), i.e. for each glacier g a value
B100,g in mw.e.a−1 is obtained by applying one of the meth-
ods (1)–(3). Annual mass balance Bi,g for year i is then cal-
culated by
Bi,g = B100,g +1Bi,r, (1)
where 1Bi,r is the annual mass balance anomaly in region r
given by the difference between annual balance as a mean of
all surveyed glaciers in that region Bobs
i,r and the 100-yr mean
Bobs
100 of all glaciers with mass balance observations:
1Bi,r = Bobs
i,r −Bobs
100. (2)
Four regions for the study of speciﬁc mass balance variabil-
ity are deﬁned by the drainage basins of the large streams
Rhone, Rhine, Danube and Po separating the European Alps
into a west, north, east and south section. The main water
divides often correspond to borders of speciﬁc climatic pat-
terns (Auer et al., 2007). Calculation of 1Bi,r is based on the
50 long-term mass balance series, and is supported by data of
25 additional WGMS glaciers for the years covered by these
series. Applying this method a mass balance time series with
annual resolution for the period 1900–2011 is obtained for
every glacier in the European Alps. Mean speciﬁc mass bal-
ance B
Alps
i in year i at the mountain-range scale as a mean
over n glaciers is computed as
B
Alps
i =
n X
g=1
(Bi,g ·Ai,g)
. n X
g=1
Ai,g, (3)
where Bi,g is the annual mass balance and Ai,g that year’s
area of glacier g.
In order to evaluate changes in ice volume and to solve
Eq. (3), time series of glacier area change are necessary.
However, repeated glacier inventory data are only available
for very few points in time, and do not cover the entire study
area. The aim is to derive annual area change series for each
glacier in the European Alps based on as much observational
evidence as possible.
All glaciers in Switzerland (representing half of the
glacierized area of the Alps) are covered by four inventories
(1850, 1973, 1998/1999 and 2003, see Maisch et al., 2000;
M¨ uller et al., 1976; Paul et al., 2004, 2011). Area changes for
individual glaciers in between these dates are interpolated to
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Fig. 3. Comparison of different methods for extrapolating glacier surface mass balance. (a) 100-yr mean mass balance (1908–2008) of
38 Swiss glaciers (Huss et al., 2010a,b) is shown with bars. Glacier area (by 2003) in km2 is stated inside the bars. Mass balance extrapolated
totheseglaciersusingarithmeticaveraging(redlines),glacierhypsometry(asterisks),andmultipleregression(triangles,diamonds)isshown.
The rms error and the mean bias are given for each method. (b) Same as in (a) but for the 25-yr mean mass balance (1983–2008) of 9 glaciers
provided by WGMS (2008). The total length of the series (n) and glacier area is given.
annual values proportional to mass balance variations:
Ai,g = At1,g −

1At1−t2,g ·
i X
j=t1
Bj
. t2 X
j=t1
Bj

, (4)
where Ai,g is the area of glacier g in year i, 1At1−t2,g is the
area change between two inventories from the years t1 and t2,
and B is the mean annual mass balance of four series extend-
ing back to the Little Ice Age (Huss et al., 2008a) cumulated
over different periods. Interpolating area changes using mass
balance variations is a ﬁrst order approximation; glacier area
and length changes are a ﬁltered and delayed response to the
surface mass balance forcing.
Changes in glacier area over the 20th century strongly de-
pend on glacier size (e.g. Paul et al., 2004). Whereas large
glaciers generally lose low percentages of their area in a
given period, the relative surface reduction of small glaciers
is much higher. Based on this observation percentage, an-
nualareachangesrelativeto2003obtainedforSwissglaciers
were extrapolated to all other glaciers. Glaciers not covered
by repeated inventories were grouped into seven size classes.
An additional class accounts for glaciers that have disap-
peared between 1850 and 2003. Glacier area changes ob-
tained from Eq. (4) were validated using the Austrian in-
ventories 1969 and 1998 (Lambrecht and Kuhn, 2007). For
glaciers > 0.5km2 estimated and observed area change in
size classes agree within 1%. The area loss of very small
glaciers however seems to be overestimated by the 2003
glacier inventory for the entire Alps.
In order to evaluate the suitability of and the uncertainties
in the different extrapolation techniques, all three methods
were validated against different data sources: (i) comparison
ofinferredmassbalancestothoseofthesame38glaciersthat
were used to establish the regionalization relations does not
allow an independent assessment of the extrapolation tech-
nique’s performance but shows how well the observed differ-
ences in mass balance among the glaciers can be reproduced.
Results are shown in Fig. 3a. (ii) Validation against nine in-
dependent long-term WGMS mass balance series is shown
in Fig. 3b. (iii) Extrapolated mass balances are compared to
all available WGMS series (at least 3yr) at the annual scale
(Table 1). This also allows assessing how well year-to-year
variabilityiscaptured.Forvalidationdatasources(i)–(iii)the
root-mean-square (rms) of the difference Bex−Bobs between
observed Bobs and extrapolated mass balance Bex, and the
biasisevaluated.(iv)Validationagainstregionalscaleglacier
elevation change assessments based on the geodetic method
(Berthier, 2005; Paul and Haeberli, 2008; Abermann et al.,
2009; Abermann et al., 2011a) is performed by comparing
mean extrapolated mass balance for the Mont Blanc area
(1979–2003), the Swiss Alps (1985–2000), the Oetztal Alps
(1997–2006), and the Austrian Alps (1969–1998) to eleva-
tion differences in repeated DEMs (Table 1). For consistency,
a mean density of 850kgm−3 (see e.g. Huss et al., 2009;
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Table 1. Validation of annual mass balance extrapolated using
(1) arithmetic averaging, (2) glacier hypsometry, and (3) multi-
ple regression with three (M3) or six variables (M6) against in-
dependent WGMS data and geodetic regional mass balances. The
mean bias (Bex −Bobs) and the rms error in mmw.e.a−1 for
n = 790 annual mass balance observations based on the glacio-
logical method are evaluated. Systematic errors in comparison to
geodetic mass changes divided by the period length (Bex −Bgeod)
are given in mmw.e.a−1 for 1979–2003 (Berthier, 2005, Mont
Blanc area, B2005), 1985–1999 (Paul and Haeberli, 2008, Swiss
Alps, PH2008), 1997–2006 (Abermann et al., 2009, Oetztal Alps,
A2009), and 1969–1998 (Abermann et al., 2011a, Austrian Alps,
A2011).
Method bias rmse B2005 PH2008 A2009 A2011
1 97 508 −79 89 2 0
2 158 539 −373 80 71 20
3 (M3) 93 505 −80 115 31 30
3 (M6) 57 495 −94 144 26 2
Zemp et al., 2010) was chosen to convert volume change to
mass change for all studies.
3.2 Arithmetic averaging
The averaging of observed mass balance is the most simple,
but nevertheless a robust method for mass balance extrapo-
lation and has been widely used for large-scale mass balance
estimates (e.g. Cogley, 2005; Dyurgerov and Meier, 2005;
Kaser et al., 2006, partly including area-weighting schemes).
The arithmetic average of mean speciﬁc mass balance of sur-
veyed glaciersis appliedto all unmeasuredglaciers ina study
region. The main advantage of this approach is its simplicity
and its limited data requirements. Differences in glacier size,
hypsometry, exposure and geographic location are, however,
not accounted for and the mass balance of the few monitored
glaciers is assumed to be representative for the entire moun-
tain range.
100-yr mass balance of the 38 Swiss glaciers used for
arithmetic averaging can be reproduced within an rms er-
ror of 0.133mw.e.a−1 (Fig. 3a). Independent validation with
9 long-term WGMS glaciers outside of Switzerland (25-yr
mean mass balance) shows an rms error of 0.428mw.e.a−1
and a bias of 0.207mw.e.a−1, i.e. for this subset of glaciers,
extrapolated mass balance is not as negative as the measure-
ments imply (Fig. 3b). This might however be related to ex-
tremely negative mass balances of Glacier de Saint Sorlin,
Glacier de Sarennes (FR) and Ghiacciaio del Careser (IT)
that are currently in a state of disintegration (e.g. Paul et al.,
2007).
3.3 Glacier hypsometry
By considering the area-elevation distribution of individual
glaciers, it might be possible to partly account for the effect
of particular glacier geometries on mass balance. This con-
cept is similar to extrapolating the mean of observed center-
line surface elevation changes in altitude bands to unmea-
sured glaciers as proposed by Arendt et al. (2006). Here,
100-yr mean mass balance of the data sets presented by Huss
et al. (2010a,b) is averaged in 100m elevation bands in a
ﬁrst step. Five glaciers with debris-covered tongues were
excluded as their locally reduced ablation at low elevation
would induce non-representative average balance in these al-
titude bands. The averaging implies that all glacierized sur-
faces located for example between 3000 and 3100m a.s.l.
exhibit the same mass balance everywhere throughout the
mountain range. However, the strong regional differences
in long-term ELA given by the mass balance data set (be-
tween 2600 and 3240m a.s.l. within the glacier sample) lead
to balances in the same elevation band differing by up to
3mw.e.a−1 – an effect which must be accounted for. Thus,
the mean mass balance-elevation distribution is shifted so
that the ELA in the observed mass balance proﬁle corre-
sponds to the mean ELA of each glacier. This procedure al-
lows the correction of ELA differences and mimics the ex-
trapolation of observed mass balance gradients to the hyp-
sometry of individual glaciers. Estimating long-term ELAs
based on topographical information only is, however, uncer-
tain and represents a major drawback of this method.
Mass balance variability is insufﬁciently captured using
mass balance extrapolation based on glacier hypsometry. The
rms error and the bias are larger than those for simple arith-
metic averaging (Fig. 3). Therefore, the use of the glacier
area-elevation distribution does not offer advantages in the
extrapolation of single-glacier mass balance to the mountain-
range scale in the case of the European Alps.
3.4 Multiple regression
The variability in long-term mean mass balance between ad-
jacent glaciers can be signiﬁcant although the glaciers are
subject to similar changes in climate forcing (e.g. Kuhn et al.,
1985; Abermann et al., 2011b, see also Fig. 3). The reasons
for the different sensitivities of individual glaciers are still
not fully understood. A relation to glacier response times
(J´ ohannesson et al., 1989) is evident, as larger glaciers re-
quire more time to retreat to a new equilibrium state at higher
elevation after a change in climate, thus exhibiting more neg-
ative mass balances than smaller glaciers. This is counter-
acted by a faster loss in accumulation area of small glaciers,
and therefore a more important albedo feedback on glacier
melt. Although these effects only explain part of the differ-
ences, there is a clear link of mass balance variability with
geometrical indices (Huss et al., 2012).
Already Lliboutry (1974) has proposed the calculation of
mass balance using multiple regression. Sch¨ oner and B¨ ohm
(2007) apply a multiple regression model that uses both
meteorological input data and information about median
and minimum glacier elevation for reconstructing long-term
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glacier mass balance series in the European Alps. So far,
no study has however addressed the differences in long-term
mean mass balance among the glaciers using multiple regres-
sion with geometrical indices only. This is certainly related
to the extensive statistical foundation that is required to rea-
sonably apply this method. Homogenous mass balance data
for several dozens of glaciers covering the entire range of
characteristics must be available. Moreover, topographical
parameters also need to be determined for all unmeasured
glaciers.
Multiplelinearregressionreliesonthefollowingequation:
B100 = a1 ·x1 +...+an ·xn +c, (5)
where B100 is 100-yr mean mass balance calculated using
the indicator variables [x1,...,xn], the factors [a1,...,an] and
a constant c. A number of parameters potentially describing
mass balance variability was tested, and only those impor-
tantly contributing to the explained variance of the multiple
regression were used. Multiple regression of mass balance
is performed with parameter combination M3 consisting of
the most important variables, and M6 including all variables
with a signiﬁcant inﬂuence on mass balance. Additional pa-
rameters, such as the average slope of the glacier, the eleva-
tion range and other variables describing glacier hypsometry,
only marginally increase the correlation. Table 2 provides an
overview of the variables ﬁnally used in the multiple regres-
sion. Indicator variables signiﬁcantly correlated among each
other are easting and northing, as well as median glacier el-
evation and northing. The limited statistical basis does not
justify the ﬁtting of non-linear models to the data.
Glacier area (negatively correlated to mass balance), slope
of the glacier tongue (positive) and median glacier elevation
(positive) are able to explain 35% of the variance in ob-
served long-term glacier mass balance in the European Alps
(Fig. 3a). Supplementary variables, such as aspect, and ge-
ographic location, considered for M6 increase the explained
variance to 51% but the parameters chosen for M3 remain
most important (Table 2). According to multiple regression,
large glaciers with a gently-sloping tongue and a low median
elevation (i.e. relatively maritime climate) experience the
most negative mass balances. South-exposed glaciers exhibit
less negative balances than north-exposed glaciers. Glaciers
atthenorthernﬂankoftheAlpsshowatendencytowardsless
negative mass balance, whereas balances slightly decrease
towards the Eastern Alps (Table 2).
In comparison to arithmetic averaging and glacier hyp-
sometry, M3 and M6 yield better results in explaining mass
balance variability among the glaciers, and show better
agreement with independent WGMS data in both the rms
error and the bias (Fig. 3, Table 1). Multiple regression ac-
counts for at least part of the differences due to glacier char-
acteristics and thus is favourable for extrapolating mass bal-
ance to the mountain-range scale from an imperfectly repre-
sentative sample of surveyed glaciers.
Table 2. The two parameter sets (M3, M6) used for the multiple re-
gression analysis. The sign of the mass balance dependence on each
variable is given. Explained variances r2 are 35% for M3 and 51%
for M6. The relative contribution Rvar (in %) of each variable to the
total variance of the parameter set (taken as 100%) is evaluated by
omitting one variable and comparing the reduction in r2 with the
original r2.
M3 Rvar M6 Rvar Parameter xn
– 20.6 – 28.6 Area (km2)
+ 46.5 + 22.8 Median gl. elevation (m a.s.l.)
+ 32.9 + 19.0 Slope, lowermost 10% (◦)
– 17.1 Easting (m)
+ 8.0 Northing (m)
+ 4.5 Aspect (◦), dev. from N
Validation of extrapolated mass balance against regional
geodetic mass changes (Table 1) conﬁrms that both arith-
metic averaging and multiple regression are well suited for
mass balance extrapolation to the entire European Alps. Ob-
served decadal mass balances are mostly reproduced within
0.05mw.e.a−1. Systematic errors between glaciological and
geodetic mass balances for monitored alpine glaciers can be
substantially larger than this value (Huss et al., 2009; Zemp
et al., 2010; Fischer, 2011). Comparison of mass loss for the
Mont Blanc area 1979–2003 indicates slightly too negative
balances. According to Berthier (2005), the DEM of 1979,
however, is subject to a signiﬁcant bias at high elevation
which is able to explain the misﬁt. For the Swiss Alps 1985–
1999 the extrapolation results in too little mass loss (Table 1).
Direct validation of SRTM-based elevation changes against
volume changes obtained from repeated aerial photogram-
metry (Bauder et al., 2007; Huss et al., 2010a) for 25 medium
to large Swiss glaciers, however, indicates that Paul and Hae-
berli (2008) overestimate mass loss by about 0.14mw.e.a−1.
This might be related in part to the considerable uncertainty
in both DEMs used by Paul and Haeberli (2008) and agrees
with ﬁndings by Gardelle et al. (2012) that the SRTM DEM
underestimates actual surface elevation in the accumulation
area of glaciers due to penetration of the radar waves into the
ﬁrn. Thus, the positive bias in extrapolated mass balance (see
Table 1) is reduced to almost zero by taking into account the
systematic error indicated by photogrammetrical DEMs.
Mass balance ﬁgures at the scale of the European Alps
presented henceforth rely on multiple regression (M6). The
choice of this method is supported by the favourable perfor-
mance in comparison to various validation data, and the sta-
tistically representative and large glacier sample available for
the European Alps.
3.5 Ice thickness and volume
The ice volume and thickness distribution of each glacier in
the European Alps is crucial for modelling its future mass
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balance and area. These variables are inferred by applying an
approach to invert distributed ice thickness from glacier sur-
face elevation based on the principles of ice-ﬂow dynamics
(see Farinotti et al., 2009). For half of the 50 Swiss glaciers
with long-term mass balance series, direct ice thickness mea-
surements are available (Farinotti et al., 2009) that are useful
for validating calculated thickness and volume. The method
for computing ice thickness of all glaciers in the European
Alps is based on a further development of the approach pre-
sented by Farinotti et al. (2009) and requires a DEM (pro-
vided by the SRTM) and glacier outlines (given by the 2003
inventory) as input. By estimating ice volume ﬂux in a lon-
gitudinal glacier proﬁle and solving Glen’s ice ﬂow law, ice
thickness distribution on a regular grid is calculated for each
glaciertakingintoaccountvalleyshapeandbasalshearstress
variations (Huss and Farinotti, 2012). A total ice volume of
114km3, or a mean ice thickness of 55m for the European
Alps in 2003 is computed.
This number compares well with traditional volume-area
scaling (Bahr et al., 1997) which results in a volume of
128km3 based on the same data, and the approach presented
by Haeberli and Hoelzle (1995), yielding 100km3 for the
end of the 20th century. The ice volume found in the present
study is signiﬁcantly larger than the number obtained by Paul
et al. (2004) (75km3), and slightly smaller than the ice vol-
ume estimate by Farinotti et al. (2009) upscaled to the Euro-
pean Alps (about 120km3). The latter is consistent with in-
situ thickness observations on about two dozen large glaciers
in the Swiss Alps and is therefore considered to be relatively
accurate.
3.6 Future glacier mass balance
The calculation of future glacier mass balance is based on
a spatially distributed model (25×25m grid) for snow ac-
cumulation, snow- and ice melt, and 3-D glacier geometry
change (Huss et al., 2008b). The model does neither include
changes in supra-glacial debris coverage, nor positive feed-
backs due to surface albedo decrease and proglacial lake for-
mation. For each of the 50 Swiss glaciers with mass balance
data (Fig. 1), the model is driven by 35 time series of daily
air temperature and precipitation generated based on the four
RCPs and the respective GCM ensembles until the end of
the 21st century. Initial surface geometry is taken from the
last DEM available (between 1991 and 2008). Future mass
balance is simulated using model parameters calibrated over
multi-decadal periods in the past based on observed ice vol-
ume changes (Bauder et al., 2007). Figure 4 illustrates sim-
ulation results of future glacier change for the example of
Gornergletscher, Switzerland.
Extrapolation of future glacier area and surface mass bal-
ance to the entire European Alps is based on the detailed
modelling of 50 Swiss glaciers. The extrapolation scheme
employed is based on the results of multiple regression
M6 but is extended for future conditions by considering
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Fig. 4. Example of simulated future geometry changes of Gorner-
gletscher, southwestern Switzerland, the second largest glacier in
the European Alps. (a–d) Modelled glacier surface elevation in lon-
gitudinal proﬁles (solid line in e) of the glacier tongue. Glacier
change is simulated using the Beijing Climate Center (bcc-csm1-
1) GCM driven by four RCPs. Results of bcc-csm1-1 correspond to
the ensemble median. (e) Spatial changes in glacier size (RCP6.0).
Contours refer to the glacier surface in 2003.
glacier-size speciﬁc changes in mass balance and area. The
investigatedglaciersaredividedintosevensizeclasseswhich
areassumedtoberepresentativeinboththeirareachangerel-
ative to the 2003 state and their mass balance. Due to the dif-
ferences in dynamic response times between large and small
glaciers, and consequently their different mass balance re-
sponse to atmospheric warming, considering size classes for
mass balance extrapolation over the 21st century is reason-
able.Glacier-speciﬁcanomaliesinB100,g obtainedbyM6are
superimposed on the mean size-class mass balance in order
to calculate future mass balance of individual glaciers. The
updating of single-glacier ice volumes based on extrapolated
mass balance and area allows determining the approximate
date of disappearance of each glacier which considerably re-
ﬁnes the future glacier area estimate based on size classes.
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Fig. 5. Mass balance, area and ice volume change series extrap-
olated to all glaciers in the European Alps for 1900–2100. The
dashed line indicates the onset of future modelling results (2011).
(a) Area-weighted average of mean speciﬁc annual mass balance
(see Eq. 3). For 2011–2100 the ensemble mean mass balance of n
GCMs according to the four RCPs is shown. Annual series (grey)
are 11-yr low-pass ﬁltered (bold). (b) Total glacierized area in the
European Alps. (c) Cumulative ice volume changes assuming an ice
density of 900kgm−3.
4 Results
Glacier mass balance in the European Alps over the 20th
century is characterized by signiﬁcant long-term variations
(Fig. 5a). The mass budget was positive in the 1910s and
close to balanced conditions between 1960 and the mid-
1980s. Strongly negative mass balances are evident for the
1940s and the last two decades when the average annual bal-
ance approached −1mw.e.a−1 (Table 3). The mean mass
balance in the European Alps over the period 1900–2011 is
−0.31mw.e.a−1.
Alpine glacier area has decreased from about 3350km2
in 1900 to less than 1900km2 at present with a strong ac-
celeration of area changes since the 1980s (Fig. 5b). This
signiﬁcant reduction in glacier area affects the rate of vol-
ume change. Although the most negative mass balance year
was 2003 (−2.24mw.e., −5.1km3 volume change) the an-
nual ice volume loss in the European Alps was greatest
in 1947 (−5.9km3). The most positive mass balance year,
Table 3. Decadal mean mass balances of glaciers in the European
Alps for 1900–2010 and simulated future mass balance in 20-yr
periods according to the four RCPs based on the GCM ensemble
mean. Period averages of total Alpine glacier area are given.
Period Scenario B (mw.e.a−1) Area (km2)
1900–1910 −0.17 3272.6
1910–1920 +0.34 3241.3
1920–1930 −0.32 3182.9
1930–1940 −0.12 3095.1
1940–1950 −0.86 2976.8
1950–1960 −0.17 2808.4
1960–1970 −0.00 2748.0
1970–1980 +0.11 2731.5
1980–1990 −0.40 2686.0
1990–2000 −0.68 2330.2
2000–2010 −0.99 2034.1
2020–2040 RCP2.6 −1.31 1251.8
2040–2060 RCP2.6 −1.08 809.5
2060–2080 RCP2.6 −0.67 547.6
2080–2100 RCP2.6 −0.06 395.5
2020–2040 RCP4.5 −1.03 1380.4
2040–2060 RCP4.5 −1.19 937.5
2060–2080 RCP4.5 −1.04 576.4
2080–2100 RCP4.5 −0.67 349.0
2020–2040 RCP6.0 −1.00 1350.2
2040–2060 RCP6.0 −1.21 922.5
2060–2080 RCP6.0 −1.42 521.7
2080–2100 RCP6.0 −1.28 244.2
2020–2040 RCP8.5 −1.09 1348.4
2040–2060 RCP8.5 −1.66 832.5
2060–2080 RCP8.5 −2.07 351.0
2080–2100 RCP8.5 −2.14 127.0
1977, resulted in a glacier volume change of +3.9km3. Since
1900, glaciers in the European Alps have experienced a cu-
mulative ice volume change of −96km3 (Fig. 5c), which is
equivalent to 0.24mm of global sea level rise and roughly
corresponds to the quantity of ice currently still present in
central Europe.
Glaciers within the different nations of the Alps are sub-
ject to some differences in extrapolated mean long-term
mass balance (Table 4). Whereas glaciers in Switzerland and
Italy show slightly less negative mass balance, especially
glaciersinFrancehaveexperiencedstrongmasslosseswhich
is in line with direct observations (see e.g. Thibert et al.,
2008, Fig. 3b). Swiss glaciers have lost comparatively low
percentages of their area and volume throughout the 20th
century (Table 4). This is explained by the distribution of
large glaciers; two-thirds of glaciers > 10km2 are located in
Switzerland.
Future glacier mass balance at the scale of the European
Alps is expected to show a negative trend over the next
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decades for all scenarios (Fig. 5a). Until 2020 modelled mass
balance is even slightly less negative compared to the obser-
vations of the early 21st century. This is explained by the
GCM scenario runs that have not succeeded to reproduce
the air temperatures of the very warm last decade and are
lagging behind. The model results indicate that mass bal-
ances are around −1.29mw.e.a−1 by 2050 (Table 3). De-
spite the signiﬁcant atmospheric warming projected for all
RCPs (Fig. 2a), future European glacier mass balances are
expectedtoremainwithintherangeofobservedvariabilityof
the last decades. This is explained by the strong glacier area
loss (Fig. 5b). Compared to 2003, 54–60% of the glacier-
ized surfaces will disappear during the next 40yr (Table 3).
This exerts a signiﬁcant negative feedback on mass balance
as glaciers retreat to higher elevations, and many smaller
glaciers at low altitude vanish completely. For large glaciers
however also a positive back coupling effect due to sur-
face lowering may become important. Modelled mass bal-
ances according to the four RCPs diverge after 2050. The
remaining glaciers tend towards a new equilibrium at sig-
niﬁcantly reduced size for RCP2.6 and RCP4.5. The emis-
sion changes of RCP8.5 force a continuous acceleration of
glacier mass loss leading to average mass balances of less
than −2mw.e.a−1 and an almost complete disintegration of
the European glacier coverage by 2100 (Fig. 5a). Relative to
theyear2003,themodelresultsshowthatAlpineglacierarea
might be reduced to values of between 4% (RCP8.5) and
18% (RCP2.6). It is remarkable also that even with the rapid
decline in greenhouse gas emissions assumed for RCP2.6
(Meinshausen et al., 2011) more than 80% of glacier sur-
faces in the Alps might disappear.
Mass balance shows considerable differences among
the glacier size classes, and strongly diverge in the fu-
ture (Fig. 6). Whereas mass balances of glaciers currently
< 3km2 remain above −1mw.e.a−1 for RCP6.0 through-
out the century, the mass balance of larger glaciers shows a
strong decrease beyond historical levels. These differences
Table 4. Key values of glacier change over the 20th century for
Switzerland (CH), Italy (IT), Austria (AU) and France (FR). B is
the mean 1900–2011 mass balance in mw.e.a−1. Area A (in km2)
and estimated ice volume V (in km3) are given for the year 2003,
and area and volume changes (1A, 1V) refer to the period 1900–
2011. A2100 is the four RCP-average of modelled glacier area by
2100.
B A2003 V2003 1A 1V A2100
CH −0.28 1021.1 66.5 −622.9 −42.1 147.4
IT −0.27 388.5 17.6 −339.7 −16.4 32.0
AU −0.33 375.7 17.1 −315.9 −20.0 29.1
FR −0.40 274.9 12.6 −208.0 −17.5 15.2
are explained by the glaciers’ dynamic response and their in-
creasing disequilibrium as we move on into the 21st century.
Glaciers < 3km2 are expected to be reduced to 10–40% of
their size by 2050 and therefore are relatively well adapted
to climate forcing at that time. Very large glaciers in contrast
show smaller percentages of area loss and remain compar-
atively large due to their longer response time. Melting of
valley glaciers, some of them are currently still several hun-
dredmetersthick(seee.g.Fig.4),requiresmanydecadesand
leads to progressively more negative balances in response to
rising air temperatures.
Long-term Alpine mass balances were compared to
global-scale glacier change assessments in order to judge
their validity for the European Alps. For the period 1961–
2000, Dyurgerov and Meier (2005) calculate a mountain-
rangemassbalancefortheAlpsof−0.11mw.e.a−1 fromthe
measurement series which is signiﬁcantly less negative than
the number obtained in the present study (−0.25mw.e.a−1).
Jacob et al. (2012) ﬁnd a mass loss for the European
Alps corresponding to −1.0±1.3mw.e.a−1 for 2003–2010
based on the Gravity Recovery and Climate Experiment
(GRACE). Although this number agrees relatively well with
the extrapolated mountain-range balance for the same pe-
riod (−1.13mw.e.a−1), the 95% conﬁdence interval of
the GRACE-estimate is too large for allowing any conclu-
sive and independent statements about the rate of European
glacier mass loss. Future glacier volume projections were
compared to the global modelling study by Radi´ c and Hock
(2011). Their ice volume loss for the European Alps by 2100
(median of 10 GCMs) is −76% which is less than the −93%
(both relative to the year 2000) found in this study (Fig. 5).
This is probably related to the larger area and volume that
Radi´ c and Hock (2011) used for initializing their model.
5 Uncertainty assessment
Estimating the uncertainty in mountain-range scale mass bal-
ance and volume change involves four layers: (1) the un-
certainty in total glacier area of the European Alps, (2) the
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Fig. 7. Dependence of (a) the rms error and (b) the extrapolated
mass balance for the European Alps (1908–2008) on glacier sam-
ple size. Arithmetic averaging and multiple regression (M3, M6)
are used for mass balance regionalization. All results are based on
n = 1000 randomly drawn glacier samples and the 90% conﬁdence
interval for mountain-range mass balance is given by the shaded
area in (b). Lines with symbols show the median result.
uncertainty in observed mass balance data, (3) the uncer-
tainties induced by the extrapolation scheme, and (4) a non-
representative or too small glacier sample used for extrapo-
lation. In this section, the quantiﬁcation of error bars for the
mountain-range mass balance estimates thus proceeds from
the local ﬁeld data scale to the analysis of the beneﬁts and
drawbacks of the extrapolation methods. This allows iden-
tifying best practices for mass balance data regionalization
depending on the observational evidence available.
The evolution of total glacier area in the European Alps
throughout the 20th century was estimated by upscaling ob-
served area changes between repeated Swiss glacier invento-
ries to the entire mountain range and by interpolating them
to the annual scale using mass balance variations. European
glacier area inferred in this study (see Table 3) agrees well
with previous estimates for 1973 (2900km2) and 1998/1999
(2270km2, Zemp et al., 2008). For the end of the Little Ice
Age, Zemp et al. (2008) report a total area of 4470km2. Our
area estimate for 1900 (3350km2) thus indicates that a con-
siderable fraction of European glacier area and ice volume
was lost already in the late 19th century which is supported
by L¨ uthi et al. (2010).
The uncertainty in observed mass balance can be divided
into an error term leading to too high/low long-term mean
balances for the individual glacier, and a second term af-
fecting year-to-year variability but not the long-term mean.
100-yr mass balances are mainly constrained by observed
ice volume changes (see Huss et al., 2008a); their uncer-
tainty is thus determined by the accuracy of the repeated
DEMs. Long-term mass balances of individual glaciers g
are subject to an uncertainty of σg = ±0.07mw.e.a−1 (Huss
et al., 2010a). This number was estimated by analyzing un-
certainties originating from DEM differencing, and also in-
cludes the uncertainty due to the density assumption for con-
verting volume change to mass change. As σg is assumed
to be independently distributed among the n = 38 glaciers
used for ﬁtting the extrapolation relations, the error due to
mass balance data uncertainty is reduced to σobs=σg/
√
n =
±0.011mw.e.a−1 according to the laws of error propaga-
tion.
The uncertainty in mass balance due to the use of mul-
tiple regression (M6) for extrapolation is estimated by
(i) combining results of the different validation approaches
(Fig. 3, Table 1), and (ii) comparison of mountain-range
mass balance obtained from different regionalization tech-
niques. M6 has an average bias of 0.06mw.e.a−1 rela-
tive to annual mass balances measured by the glaciolog-
ical method (Table 1). This lies within the estimated un-
certainty of ±0.2mw.e.a−1 in these (Dyurgerov, 2002)
and could also be explained by a non-representative sam-
ple of monitored glaciers. Validation of M6 using geode-
tic mass changes (Table 1) shows a rather good agreement
for different periods and regions with an error of about
±0.02mw.e.a−1. Note that the bias in the geodetic mass
changes of the studies by Berthier (2005) and Paul and Hae-
berli (2008) can widely be corrected as indicated by com-
parison to photogrammetrical elevation changes. The 1900–
2011 mass balance of the European Alps obtained by arith-
metic averaging (−0.33mw.e.a−1), multiple regression M3
(−0.29mw.e.a−1) and M6 (−0.31mw.e.a−1) is similar in-
dicating that the mass balance extrapolation based on the
available data basis is relatively robust. Merging evidence
from all these sources, an overall extrapolation uncertainty
of σex = ±0.04mw.e.a−1 is estimated as an upper bound.
Thus, the total uncertainty in long-term mass balance ex-
trapolated to the European Alps using multiple regression
M6 becomes
σtot =
q
σ2
obs +σ2
ex, (6)
with σtot = ±0.041mw.e.a−1 deﬁning the error bar of the
20th century mountain-range mass balance.
The year-to-year variability in extrapolated mass bal-
ance is primarily based on modelling using weather sta-
tion data (Huss et al., 2010a), and is only partly sup-
ported by direct observations given by WGMS (2008) over
the last decades. Thus, interannual variations are expected
to be subject to signiﬁcant uncertainties as meteorologi-
cal particularities of individual glaciers are difﬁcult to cap-
ture. Furthermore, weather conditions, especially precipita-
tion sums, show strong local to regional year-to-year vari-
ations within the European Alps. Although regional mass
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balance anomalies for each year are considered (Eq. 2), it
seems to be impossible to reproduce all single-glacier an-
nual mass balances within a mountain range by extrapola-
tion of measured data. The rms error for individual glaciers
and years is about 0.5mw.e.a−1 for all methods (Table 1).
When the systematic error is removed, this value reduces to
0.43mw.e.a−1, which can be considered as the uncertainty
in year-to-year mass balance variability. As this is a stochas-
tic uncertainty, errors in individual years and glaciers will be
averaged out over longer time spans and large glacier sam-
ples. Thus, this uncertainty does not affect the overall ac-
curacy of the mountain-range mass balance estimate but is
signiﬁcant when considering annual mass balances or time
series of individual glaciers.
The size of the sample of surveyed glaciers is critical for
determining the optimal method for mass balance data ex-
trapolation. Only rarely is the mass balance of more than a
handful of glaciers measured within a mountain range. This
imposes strict limitations on the applicability of more so-
phisticated methods for mass balance regionalization such
as multiple regression. The effect of limited data availability
on extrapolation uncertainty is tested by calculating the mass
balance of the European Alps based on a sample size increas-
ing from 2 to 25 glaciers that are randomly drawn from the
total 38-glacier sample (Fig. 3a). For each sample size mass
balance extrapolation is repeated 1000 times with different
random combinations of glaciers. The rms error of 100-yr
mass balance relative to the 38-glacier sample, and the mean
1908–2008 mass balance of the European Alps, are evaluated
for arithmetic averaging and multiple regression (M3, M6).
Extrapolation based on glacier hypsometry (Method 2) was
not used in this experiment due to poorer performance (see
Fig. 3, Table 1).
When using arithmetic averaging for mass balance extrap-
olation, rms errors show an only moderate decrease for grow-
ing glacier samples. Arithmetic averaging yields rms errors
smaller than M3 (M6), if fewer than 8 (13) mass balance se-
ries, are available (Fig. 7a). For small glacier samples, the
performance of multiple regression is poor, or the method is
even unfeasible. If more than 16 glaciers are available for
ﬁtting, the multiple regression relation, M6 performs best.
Figure 7b shows the mass balance uncertainty for the Eu-
ropean Alps depending on glacier sample size. The range
of possible solutions based on randomly selected series is
considerable and emphasizes the need for carefully assess-
ing the uncertainties in regional mass balance estimates. If,
for example, only three time series were available document-
ing 20th century Alpine glacier mass changes, the 90% con-
ﬁdence interval ranges from −0.23 to −0.44mw.e.a−1 for
arithmetic averaging which is the only feasible method in
that case (Fig. 7b). With growing sample size, the uncertainty
range narrows quickly for arithmetic averaging and multi-
ple regression M3. For M6 the range of possible solutions
is still relatively large with a sample size of 25 glaciers but
decreases steadily for larger samples. The different extrapo-
lation techniques converge to slightly different means.
Most of the earth’s mountain ranges are only covered by
very few mass balance observations (e.g. Kaser et al., 2006;
WGMS, 2008). The results presented in Fig. 7 indicate that
a signiﬁcant uncertainty in mass balance estimates at the
mountain-rangescaleoriginatesfromasmallandstatistically
non-representative coverage of surveyed glaciers, irrespec-
tive of the extrapolation method used. As a rule of thumb
at least 5–10 series should be available to regionalize mass
balance within acceptable bounds of uncertainty. This is in
line with the monitoring strategy proposed by Haeberli et al.
(2000). For mountain ranges with fewer mass balance series,
acombinationwithnewremotesensingtechniquesproviding
a regional coverage might be a promising alternative.
Mass balance series at the scale of the European Alps al-
low assessing the representativeness of existing long-term
monitoring programs, i.e. how well they agree with the mean
balance of all Alpine glaciers (see Eq. 3). In the Alps, nine
series (direct glaciological method) longer than four decades
are available and are part of the WGMS “reference” mass
balance programmes (Zemp et al., 2009). Mean mass balance
of these glaciers was compared to extrapolated mountain-
range balance. Vernagt and Sonnblick (AU) appear to be suit-
able index glaciers for Alpine mass balance (although data
for Sonnblick are somewhat uncertain as balance is indirectly
determined from accumulation area ratio since one decade).
Silvretta (CH) and Kesselwand (AU) show more positive bal-
ances compared to the mountain-range average; Gries (CH),
Hintereis (AU), Sarennes, Sorlin (FR), and Careser (IT) are
below the mean – some of them signiﬁcantly. Overall, the
mass balance of the nine reference glaciers is 0.15mw.e.a−1
morenegativethanthemountain-rangeaverage.Whencalcu-
lating Alpine mass balance by using the average of a moving
sample including all available WGMS time series (between
8 and 28 since 1960) decadal means are between 0.07 and
0.13mw.e.a−1 more negative compared to the present study.
This analysis indicates that European glacier mass loss might
have been overestimated so far due to a non-representative
sample of long-term monitoring series, and challenges the
continued efforts for acquiring additional mass balance data
on a larger set of glaciers in order to better capture spatial
variability.
Future mass balances (Fig. 5a) are subject to a signiﬁcant
uncertainty that is however difﬁcult to quantify. First of all,
GCMs with a spatial resolution of several 100km are un-
able to reproduce orographic processes in the Alpine moun-
tain range (e.g. Schmidli et al., 2006). Therefore, changes in
air temperature and precipitation predicted by GCMs might
differ from regional variations in climate. However, for the
four RCPs no comprehensive ensembles of regional climate
models are available for the Alpine region so far. The use of
these GCM outputs for impact studies all over the world will
warrant comparability of the results in the frame of the IPCC.
Additional uncertainty arises from the down-scaling of GCM
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data to the single-glacier scale and the potential changes in
future climate variability.
Several additional uncertainties related to the impact mod-
elling are important. For example, simulated glacier mass
balances are affected by the model approach used for com-
puting snow- and ice melt and glacier geometry change. The
considerable uncertainty in remaining ice volume also criti-
cally affects the timing of ultimate glacier disappearance in
the European Alps. Parameters of mass balance models cal-
ibrated for past conditions might be subject to changes with
the strong shifts in the climatic regime over the 21st century
(e.g. van den Broeke et al., 2010). Moreover, insufﬁciently
understood feedback effects and processes not included in
the applied model approach, such as a decrease in glacier
surface albedo (Oerlemans et al., 2009), the thickening of
supraglacial debris (e.g. Jouvet et al., 2011), or the response
of polythermal ice bodies at high elevation in the Alps (see
Hoelzle et al., 2011) might impact on modelled mass bal-
ances. Additional research is required to strengthen the pro-
cess understanding for reducing these uncertainties. Due to
the combined uncertainty of climate model input and the im-
pact modelling, simulated future mass balance have to be in-
terpretedwithcareandrepresentbestestimatesgiventhecur-
rent state of knowledge.
6 Conclusions
Several methods were tested to extrapolate glacier surface
mass balance from a small sample of series to the mountain-
range scale. For the case of the European Alps where a
sound observational data basis with several dozens of sur-
veyed glaciers is available, multiple regression of mass bal-
ance with variables describing glacier geometry (area, slope,
median elevation etc.) yields the best results and allows ac-
counting for a non-representative distribution of mass bal-
ance measurements. Whereas extrapolation based on ob-
served mass balance in elevation bands and glacier hypsom-
etry is not satisfactory in the case of the European Alps,
simple arithmetic averaging that completely neglects glacier
characteristics is a robust alternative particularly if only few
(< 10) mass balance series per mountain range are available.
The uncertainty in mountain-range scale mass balance as-
sessments depends on the accuracy of observed mass bal-
ance series, the extrapolation scheme applied, and the num-
ber of mass balance monitoring series. By using all data doc-
umenting glacier mass change, the mean 20th century mass
balance of the European Alps can be computed with an er-
ror of ±0.04mw.e.a−1. Uncertainties however increase to
±0.1mw.e.a−1 if fewer than 5 series are used for extrapola-
tion.
Annual glacier mass balances for the period 1900–2011
were extrapolated to all glaciers in the European Alps
based on Swiss long-term mass balance series. Results
were validated against WGMS mass balances, and regional
geodetic mass changes indicating a good agreement with in-
dependent data. The mean area-averaged mass balance is
−0.31±0.04mw.e.a−1 for 1900–2011 corresponding to a
total ice volume change of −96±13km3. Since 1900 about
45% of the glacier surface, and roughly 50% of the ice vol-
ume, in the European Alps has been lost. European glacier
mass balance shows signiﬁcant multidecadal variations with
maximal annual ice volume losses in the 1940s and increas-
inglynegativemassbalancessincethemid-1980s.According
to climate change scenarios Alpine glaciers are expected to
shrink to 4–18% of their 2003 extent by the end of the 21st
century, also with moderate atmospheric warming. Glacier
mass balances are expected to decrease to −1.29mw.e.a−1
by 2050 simultaneous with a fast area loss. Afterwards, some
scenarios indicate a gradual stabilization of Alpine mass bal-
ances at drastically reduced glacier size, whereas others re-
sult in a run-away effect with mass balances lower than −2m
w.e. a−1.
The extrapolation of single-glacier mass balances to the
mountain-range scale involves signiﬁcant uncertainties that
need to be reduced for more accurate estimates of global
sea-level rise due to mountain glacier mass loss, and better
projections of future changes in the hydrology of glacierized
basins. To this end, monitoring efforts documenting year-to-
year mass balance variability must be strengthened, partic-
ularly in regions with poor data coverage. Field monitoring
can be supported but not replaced by current remote sens-
ing technology providing regional ice volume changes that
are based on increasingly accurate DEMs acquired over sub-
decadal time scales.
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